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C a t a l y s i s  by c o a l  minera ls  has  been t h e  s u b j e c t  of much work i n  r e c e n t  
years  by Guin et a l .  ( 1 , 2 ) ,  Granoff .  e t  a l .  (? ,$ ,5 j ,  Given and coworkers 
( 6 , 7 ) ,  and Mukhejce arid Chowdhury (8) s i n c e  i t s  d iscovery  by Wright and 
Severson (9) i n  1972. Severa l  s t u d i e s  using model compounds such as thio-  
phene, benzothiophene, p y r r o l e ,  pyr ro l idene ,  and n-butyl  amine have a l s o  
been publ ished based on work performed a t  t h e  Univers i ty  of Kentucky (10- 
16) .  I t  i s  t h e  purpose of  t h i s  paper  t o  compare t h e  hydrodesul fur iza t ion  
(HDS) and hydrodeni t rogenat ion (HDN) a c t i v i t i e s  of minera l  matter modified 
by i r o n  o r  n i c k e l  a d d i t i o n s  t o  t h e  a c t i v i t i e s  of un t rea ted  minera l  matter. 

EXPERIMENTAL - A p u l s e  micro-reactor  packed wi th  minera l  mat te r  us ing  hydro- 
gen a s  t h e  c a r r i e r  gas was used t o  e v a l u a t e  c a t a l y t i c  a c t i v i t y  over  t h e  
temperature  range of 573 t o  723 K a t  101 kPa. Conversions were c a l c u l a t e d  
from t h e  t o t a l  of C4 gases  d e t e c t e d  i n  t h e  product  stream by gas  chromato- 
graphy. Details of t h e  system a r e  presented  elsewhere (16). Modif icat ion 
of minera l  mat te r  was c a r r i e d  o u t  by prepar ing  phys ica l  mixtures  of Ky 1/9 
and Ky 1\11 wi th  Harshaw Ni-4301 (6% N i  and 19% W as oxides  on s i l i c a -  
alumina) and by evapora t ing  v a r i o u s  i r o n  and n i c k e l  s o l u t i o n s  conta in ing  
Ky 1 9  and Ky 1111. Phys ica l  m i x t u r e s  were prepared i n  two d i f f e r e n t  ways. 
I n  one method H2-pretreated,  -24+42 mesh p a r t i c l e s  of LTA and t h e  Harshaw 
c a t a l y s t  were combined t o  g i v e  1 0  w/o n i c k e l  and loaded i n t o  t h e  r e a c t o r  
f o r  a c t i v i t y  t e s t i n g .  The a c t i v i t y  w a s  between t h a t  of t h e  LTA and t h e  
catalyst .  A second p h y s i c a l  method was used which gave more i n t e r e s t i n g  
r e s u l t s .  
e i t h e r  of t h e  LTAs, pressed ,  c rushed  t o  -24+42 mesh, and H2 p r e t r e a t e d  as 
f o r  o t h e r  test samples. The c a t a l y s t  charged was 5 x kg conta in ing  
10 w/o n i c k e l  ( c a l c u l a t e d ) .  

The c a t a l y s t  w a s  ground i n  a mor ta r  and p e s t l e  and combined wi th  

Two grams of LTA were mixed w i t h  t h e  corresponding amount of N i ( N 0 3 ) ~ -  

I f  necessary ,  h e a t  
6H2O to  g i v e  10,  25, and 50 w/o N i  mix tures .  
d i s t i l l e d  water  (0.021) w a s  added t o  d i s s o l v e  t h e  s a l t .  
w a s  added f o r  about  30 seconds t o  c a r r y  o u t  t h e  d i s s o l u t i o n .  
then  placed i n  a 383 K oven o v e r n i g h t  t o  evapora te  t h e  l i q u i d .  
s o l i d  was pressed ,  s ieved ,  and p r e t r e a t e d  a s  descr ibed  earlier. S i m i l a r  
t rea tments  were c a r r i e d  o u t  wi th  FeC13-6H20, Fe(N0-J3'9H20, and NiC12-6H20. 

RESULTS AND DISCUSSION - The HDN convers ion  f o r  t h e  combination of  t h e  Ky 
1/11 LTA wi th  t h e  ground Harshaw c a t a l y s t  i s  shown i n  F igure  1, along wi th  
t h e  pure components. 
a long  with t h e  amount of bu tane  and u n s a t u r a t e s .  
wi th  t h e  c a t a l y s t  which produces only  butane ,  g i v e s  lower conversion,  and 
l o s e s  a c t i v i t y  a s  p u l s i n g  cont inues .  

A s m a l l  q u a n t i t y  of  double  

The s l u r r y  was 
The remaining 

On t h e  l e f t  i s  t h e  Ky d l l  LTA showing t o t a l  conversion 
This  c o n t r a s t s  s h a r p l y  

The mixture  (3rd graph from l e f t )  pro- 
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duces a mean conversion of 72.5 which is much higher than either of the 
components indicating a synergistic effect. The first pulse produced only 
butane but thereafter the butane accounted for about 12.5%, 1-butene for 
about 9%, and 2-butenes for about 51% of the total 72.5% conversion. 
Apparently, the hydrogenation sites are quite sensitive to nitrogen 
poisoning, but they do not affect the denitrogenation activity. 

The effect is even more impressive when Ky 119 which was third lowest 
in activity was combined with the powdered catalyst. 
the mixture (right graph) gave a mean conversion of 77.2% which was the 
highest of any material tested. Again the first pulse gave pure butane; 
thereafter about 32% (of the 77.2%). After five pulses cis-2 butene appears 
and is about the same value as butane with the remainder trans-2-butene. 
No 1-butene was observed. 

As shown in Figure 2, 

The catalyst produced from Ni(N03)~ 6H2O and Ky 1/11 evidenced quite 
stable performance with a mean conversion of 53.6% which is very close to 
the LTA value (Figure 1). Unsaturates make up almost all of the products. 

Results for all of the Fe and Ni solution-type catalyst are presented 
in Table I which gives both HDN and HDS conversion. None of the mixtures 
improve the HDN conversion appreciably and the ferric nitrate decreases it 
by 26%. 
gives C1% and the 50% Ni yields a value of 38.8%. The values of the sur- 
face area for the Ni treated mixtures give a mean value of 28.9 m2/g 5 2 . 2  
which is slightly less than the untreated LTA value of 32.0. This indicates 
the added Ni is responsible for the increase in activity and the surface 
area is unaffected by the treatment. The iron treatment shows some improve- 
ment as does the nickel chloride, but the nitrate is by far the most effec- 
tive treatment rivaling the Harshaw mixtures as shown in Figure 3. Here it 
is seen that 10% Harshaw with Ky 1/11 gives 23% conversion compared to 21% 
for the above treatment. The highest HDS conversion was 24.2% for the Ky#9- 
Harshaw mixture. It is also interesting to note that the Harshaw catalyst 
does not give a high concentration of n-butane as it did for ADN. Probably 
H2S poisoning is responsible for the lack of hydrogenation. 

Very large changes in HDS conversion are apparent since the LTA 

The effect of temperature on HDS conversion for Ky 1/11 mineral matter, 
25% Ni, and 50% Ni is shown on Figure 4 .  
linearly by almost 3-fold from 600 t o  700 K. The 50 w/o mixture increases 
7-fold from 500 to 700 K. 
significantly for the Ni-mixtures over the untreated mineral matter. One 
measure of this is the temperature required for the more active materials 
to give the same conversion as the mineral matter; i.e. 1% at 683 K. This 
requires considerable extrapolation, but it is estimated that the 25% Ni 
mixture would require a temperature of 523 K and the 50 w/o about 453 K. 

The 25% Ni mixture increases 

It is also obvious that the activity has increased 

Another comparison is shown in Figure 5 where log conversion is plotted 
against the reciprocal temperature. 
for presulfided Ky 1\11 LTA (Morooka and Hamrin, 10) which gave an activation 
energy of 58.6 kJ/mole. In this study a value of 57.5 kJ/mole was found for 
H2-treated Ky 1/11 which is in good agreement with the earlier value indi- 
cating that pretreatment by H2 or H2S does not affect the activation energy. 
Shown on the figure are the data for the 25% Ni mixture which gave a value 
of 30.4 kJ/mole with a correlation coefficient (r = 0.97). 

A previously reported curve is shown 

For the 50% 
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Ni-LTA, a v a l u e  of 30.3 kJ/mole ( r  = 0.97) w a s  found. The N i  t reatment  c u t  
the  a c t i v a t i o n  energy almost  i n  h a l f ,  but  i n c r e a s i n g  t h e  amount of N i  from 
25 t o  50 w/o had no e f f e c t  on i t .  

Addi t iona l  H2-treatment on t h e  Ni-modified LTA c a t a l y s t  i n c r e a s e s  its 
HDS a c t i v i t y  but  decreased its HDN a c t i v i t y .  Typica l  r e s u l t s  are given i n  
Table I1 f o r  t h e  25% N i  m i x t u r e  where t h e  HDN a c t i v i t y  decreased from 54.7 
t o  47.5 when a d d i t i o n a l  H2  t rea tment  of 95 hours  was c a r r i e d  o u t .  
be expla ined  by t h e  i n c r e a s e  of  c racking  a c t i v i t y  of  t h e  c a t a l y s t  as t h e  
reduct ion  of N i  s i tes proceeded. 

This  may 

The f a c t  t h a t  Ni-added c a t a l y s t  increased  t h e  HDS a c t i . v i t y  up t o  56 
times seems due t o  t h e  h igh  hydrogenst iou a c t i v i t y  of N i  metal which p lays  
an h p a r t a u c  r o l e  on t h e  hydrocracking of thiophene a s  t h e  f i r s t  s t e p  t o  
give 1,3-butadiene fol lowed by hydrogenat ion t o  g i v e  n-butenes and butane. 
On t h e  o t h e r  hand, s i n c e  t h e  N i  added c a t a l y s t  only keeps t h e  HDN a c t i v i t y  
unchanged impl ies  t h a t  t h e  hydrogenat ion a c t i v i t y  of N i  metal does not  con- 
t r i b u t e  t o  t h e  n-butylamine conversion;  t h e r e f o r e  t h e  n-butylamine HDN con- 
v e r s i o n  is not  a hydrocracking r e a c t i o n  b u t  a c racking  r e a c t i o n  i n  which 
dehydrogenation occurs .  

P y r r o l e  and p y r r o l i d i n e  p u l s i n g  on N i  modified Ky 111 LTA c a t a l y s t  
showed some poisoning e f f e c t  on t h e  n-butylamine HDN a c t i v i t y  whi le  th io-  
phene p u l s i n g  increased  t h e  HDN a c t i v i t y  from 41% t o  51% but  decreased t h e  
s e l e c t i v i t y  t o  n-butane. 
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TABLE I 

Effect of Fe and Ni Modification of Ky fill LTA 
on HDN and HDS Conversions 

w f o  Added Surface Area Conversion* 
HDS - - Addition Compound Element m 2 I g  HDN 

None 0 32.0 52.0 0.78 

Fe(N03) 3- 9H20 10 

F r C l j  6H20 10 

NiC12. 6H20 10 

Ni(N03)i 6H 0 10 
2 

Ni(N03) f 6H20 25 

Ni(N03) i 6H20 50 

27.0 

31.3 

28.3 

38.6 1.98 

48.0 0.96 

48.8 4.73 

53.6 14.0** 

54.7 16.0 

60.7 38.8 

* 
** Extrapolated to 0 additional H2 treatment. 

At 673 K, WfF = 2.91 g cat-hr/mole, 4 hr hydrogen pretreatment at 673 K. 
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TABLE I1 

Effect of Additional H2 Treatment on 
HDN Activity of 25% Ni-Ky /Ill Mixture 

Additional H2 Treatment at 673 K, hr 
95 - 39 - 14 - 0 - 

HDN Conversion From 
C4's Produced, % 54.7 5 0.9 51.0 5 0.7 50.1 f 1.3 47.5 2 1.7 

C1 - C3 By Cracking, % 6.0 5 0.7 7.4 5 4.1 11.0 f 1.1 18.2 2 1.9 

Total Conversion, % 60.7 58.4 61.1 65.7 

n-Butane in Total, % 7 . 9  5 1.4 9.1 f 1.1 16.5 5 3.3 49.6 5 12.0 
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Figure 5 .  Comparison o f  Thiophene Conversion - Temperature 
Re la t i onsh ips  f o r  KY # 11 and KY # 11 - N i  Mix ture.  
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